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include both visible and ultraviolet (UV) lights. Under UV light, live roots fluoresce more strongly than dead roots. However, no published information is available on the precision or accuracy of measuring live roots with either visible or UV light. Without this information, accuracy of estimating root turnover is unknown. Therefore, this study was designed with the following objectives: (1) to determine the accuracy of estimating the live proportion of fine roots using visible and ultraviolet light sources in a minirhizotron camera system; and (2) to determine if estimates are consistent among different species and growth forms. Estimates from visible and UV light were compared with those from a root stain-dissection technique for eight plant species common to early successional upland forests in the southeastern United States.
Methods
The eight plant species were chosen to reflect a broad spectrum of growth forms (Table 1) . Root samples of Pinus taeda L. and Liquidambar styracifiua L. were collected from seedlings grown outdoors in a sand box at the Auburn University campus in east-central Alabama. For the rest of the species, roots were collected from a clearcut forest adjacent to an existing minirhizotron study at the Auburn campus (Burch 1995). All root samples were excavated between 20 September and 15 October 1993, 2 yr after the forest was harvested.
The root samples were moistened, immediately sealed in polyethylene bags, and stored in a cooler filled with cold water for no more than 2 h. In the laboratory, roots were washed several times with tap water and then distilled water. All fine roots (<2 mm in diameter, a criterion used in many fine-root studies) were clipped off and cut into 2 cm long segments. Subsamples were then randomly selected to produce 30 replicates of 30 root segments each (900 root segments for each species). The division of the 900 segments into 30 samples of 30 subsamples was an a priori attempt to optimize the power of statistical tests (increased by more samples) vs. the precision of estimating percent living roots (increased by more subsamples).
A minirhizotron observation apparatus was constructed in the laboratory. A 5.1 cm diameter extruded acrylic observation tube (about a 20% UV reduction, Bartz Technology, Santa Barbara, California, personal communication) similar to those commonly used in field studies was clamped to a table. The tube was completely wrapped with black paper and dark tape except for a 20 x 3 cm observation window. All 30 root segments of each root sample were arranged without overlap along the observation window and covered The following characteristics were used to classify roots as dead under visible light: dark brown, very dark brown, or black in color; partial decay of the existing root; or the appearance and growth of fungal mycelia (nonmycorrhizal) around the root (Hendrick and Pregitzer 1992a, b). Under ultraviolet light (without visible light) roots with strong fluorescence were counted as live while roots with little or no fluorescence were classified as dead.
Immediately after minirhizotron observations were made, all root segments in a sample were bulked and then immersed in a 0.5% aqueous solution of 2,3,5-triphenyltetrazolium chloride (TTC) and incubated in the dark for 24 h. The TTC solution was then poured off, samples were rinsed with cold tap water for 3-4 s, and roots were examined under a stereo dissecting microscope (7-30x). Pink or red roots were counted as live, while colorless roots were tallied as dead. Tetrazolium is biologically reduced (mostly by dehydrogenase) in living tissue from its original colorless state to the water-insoluble red compound formazan. In sev- where A is accuracy, L is proportion of live roots using visible or UV light, and TTC is the same proportion using the TTC method. Eq. 1 assesses the direction of inaccuracy, which is the tendency to under-or overestimate true live root proportion. Eq. 2 is a directionless estimate of the magnitude of inaccuracy relative to the TTC standard. The value of Eq. 2 changes if dead root proportion is used instead of live root proportion.
Using data from Eq. 1, we employed a nested ANO-VA (replicates nested within species) to determine if the two light methods had the same accuracy across all species. ANOVAs with single degree of freedom con- 
Results
Visible light underestimated percent live roots (overall mean = 0.782), while UV light overestimated (mean = 0.868) when compared to the TTC standard (mean = 0.846). Analysis of Eq. 1 detected a significant light method effect (F = 418.0; df = 1, 232; P < 0.0001). However, a significant method X species interaction also occurred (F = 18.3; df = 7, 232; P < 0.0001), an indication that accuracy of light methods changed from one species to another. When analyzed within species, visible light significantly underestimated live root proportion in five species and overestimated in three (Table 1) . Ultraviolet light significantly underestimated in two species, overestimated in three, and provided statistically similar results in three species.
There was a tendency for both light methods to overestimate accuracy in nonwoody species and to underestimate in woody species (Table 1) . Within each light method, orthogonal contrasts between the woody and nonwoody species were significant (F -310.0; df = 1, 232; P < 0.0001). Visible light appeared most accurate for the two grass species, both methods had similar accuracy in Solidago spp., and ultraviolet light was more accurate in all others (Table 1) .
Differences between estimates made by either light method and the TTC standard were small when considered as a proportion of the TTC mean. Based on Eq. 2, mean accuracy of all species combined was 0.847 for visible light and 0.877 for UV light. According to t tests, both of the latter were significantly different from a perfect accuracy of 1.000 (t = 20.1 for visible and 16.9 for UV light; P < 0.0001). When species were considered separately, the range in accuracy for visible light was 0.697 (P. taeda) to 0.924 (E. canadensis), and the range for UV light was 0.715 (P. dilatatum) to 0.947 (E. canadensis).
Discussion and Conclusions
When data for all eight species were combined, both visible and UV light estimated live root proportions with similar accuracy (0.847 for visible and 0.877 for UV). These results imply that either method will produce relatively good estimates for mixed-species communities. In a field setting, however, the visible light method may be easier to use and less costly. When UV light is used, dead roots are hard to see against a soil background; thus, visible light is needed to count dead (or total) roots regardless of method used. If only visible light is used, less time is needed to count roots, and the expense of adding a UV light source to the camera can be avoided.
When species or growth forms were analyzed separately, accuracy of each light method was more variable. Neither method was superior across all species. Results of this study suggest that visible light should be chosen for maximum accuracy in grass-dominated communities and UV light for communities dominated by broad-leaved herbs or woody plants (Table 1) .
To achieve and possibly improve on the accuracies observed in this study, one must become familiar with factors that influence visual characteristics of roots (e.g., color and turgor) under both visible and UV light. Influences of growth form on root color may explain why estimates of live root proportion under visible light were more accurate for nonwoody than for woody plants (Table 1) . Some live roots in woody species were dark in color due to secondary growth or suberization, and under visible light these roots may have been misidentified as dead. In a field situation, this should be a minor problem since the vast majority of fine roots never develop significant secondary thickening.
Under UV light, some dead roots apparently still fluoresced and thus were misidentified as living. The latter problem may be more prevalent in nonwoody species, which would explain why UV light was more accurate among woody species (Table 1 ).
An additional problem in using ultraviolet light in minirhizotrons is that the intensity of fluorescence is related to protoplasm concentrations, which are highly variable in root cells (Gregory et al. 1987 ). It is sometimes difficult to distinguish between roots with very little fluorescence (i.e., living roots) and those with none (i.e., dead). A related problem is the contrasting properties of root fluorescence in a single minirhizotron frame. If one root glows much brighter than another, the bright one may be counted as living and the other as dead by contrast alone. However, if the dimmer root is seen without a contrasting brighter root, the dim root may be counted as live. Furthermore, the amount of fluorescence and contrast may be affected by the type of tube used. The acrylic tube used in this study reduces UV light penetration. Gall species were grouped into two categories according to whether they had a complex or simple form. Gall insects were keyed to species level when possible, but the taxonomy for many groups is poorly known. For this reason morphospecies (based on the external and internal morphology of the gall and the insects in it) was used in conjunction with gall species to estimate gall insect diversity. When the term "gall species" is used in subsequent parts of this paper "gall morphospecies" is implied. The number of gall morphospecies is a relatively reliable estimate of species number because gall morphology is usually distinctive for each insect species (Cornell 1985, Taper and Case 1987) .
Relationships between site characteristics (soil fertility, gall species richness, proportion of complex gall species, total plant species richness, proportion of plant species galled, and myrtaceous tree species richness) were determined by Pearson correlation matrix. Path analysis (Sokal and Rohlf 1981) was used to decompose the effects of soil fertility and myrtaceous tree sites to determine whether gall species richness and complexity were correlated with soil fertility in Australia. Gall species were grouped into two categories according to whether they had a complex or simple form. Gall insects were keyed to species level when possible, but the taxonomy for many groups is poorly known. For this reason morphospecies (based on the external and internal morphology of the gall and the insects in it) was used in conjunction with gall species to estimate gall insect diversity. When the term "gall species" is used in subsequent parts of this paper "gall morphospecies" is implied. The number of gall morphospecies is a relatively reliable estimate of species number because gall morphology is usually distinctive for each insect species (Cornell 1985, Taper and Case 1987) .
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